Introduction
Endoglin is an accessory receptor of transforming growth factor β (TGF-β). This glycoprotein does not carry the TGF-β signal into the cell. Its essential role is modulation of signal transduction after ligand binding to type I receptors (TβRI; ALKs -activin receptor-like kinases) and type II (TβRII). The superfamily of transforming growth factors consists of TGF-β isoforms (e.g. β1, β2, β3), activins and bone morphogenetic proteins (BMPs) [1] .
Transforming growth factor β β
Transforming growth factor β is a regulator of proliferation, migration and survival of endothelial and smooth muscle cells. It participates in the maintenance of vascular homeostasis [2] . Transforming growth factor β exerts its biological effects through interaction with receptor complexes of transmembrane serine/threonine kinases. Ligand binding to TβRII causes receptors I and II to associate as interdependent components of a heteromeric complex: TβRI requires TβRII to bind TGF-β, and TβRII requires TβRI for signal transduction [3] . Then, the phosphorylated TβRI activates specific effectors, called Smads [4] . In endothelial cells that express type I receptors, both ALK1 and ALK5, signal transduction of TGF-β is mediated by two different pathways, respectively Smad 1/5/8 and Smad 2/3. Complexes of the above Smads with Smad 4 translocate into the nucleus and modulate gene expression [2] .
Transforming growth factor β exerts bifunctional effects on endothelial cells in vitro; it can both stimulate (low doses) and inhibit (high doses) the proliferation and migration of endothelial cells and extracellular matrix formation [2] . The ratio between ALK5 and ALK1 activation by TGF-β in the endothelium eventually determines whether the endothelium is stimulated or remains quiescent [2] . The activation of the ALK1-Smad 1/5/8 pathway increases proliferation and migration of endothelial cells and induces the expression of pro-angiogenic genes (e.g. Id1, endoglin). On the other hand, the activation of the ALK5-Smad2/3 pathway results in inhibition of proliferation and migration of endothelial cells and activation of maturation-specific genes (e.g. fibronectin, plasminogen activator inhibitor-1). The ALK5 signalling pathway promotes recruitment and differentiation of peri-endothelial cells. In quiescent endothelium ALK5 is the dominating receptor; on the other hand, in angiogenesis ALK1 is activated [2] . the role of endoglin as a ligand for integrins and other receptors binding RGD [5, 6] .
There are four potential N-linked glycosylation sites and rich in serine and threonine O-glycan domain, which may be phosphorylated in the N-terminal domain [5] .
Endoglin is expressed as two isoforms, designated long (L-CD105) and short (S-CD105), based on the length of the cytoplasmic domain [7] .
Cellular endoglin distribution
Endoglin is primarily expressed on endothelial cells, especially activated. In addition, it is found on the surface of several other cell types, e.g. hematopoietic progenitor cells, bone marrow stromal fibroblasts, activated monocytes, differentiated macrophages, melanocytes, and syncytiotrophoblasts of placenta [8] .
Modulation of endoglin expression
Different environmental factors and cytokines involved in angiogenesis modulate endoglin expression. Hypoxia and TGF-β are the two main factors which cooperate to induce endoglin expression either at the transcriptional or the protein level [9, 10] . Hypoxic regulation of endoglin expression involves kinases (p38 mitogen-activated protein kinase -MAPK, and Jun amino-terminal kinase -JNK) and transcriptional factors (HIF-1 -hypoxia-inducible factor-1 and Sp1) [10] . However, induction by TGF-β involves Smad3 protein and Sp1 [11] .
Hypoxia alone moderately stimulates endoglin transcription, in addition with TGF-β, leading to marked stimulation. Endoglin transcription is sustained by Sp1, whereas the TGF-β signalling pathway is mediated by Smad proteins, and hypoxia by HIF-1. The existence of a multiprotein complex (Sp1/Smad3/HIF-1) on the endoglin promoter suggests the cooperation in induction of endoglin synthesis between TGF-β and hypoxia [9] .
Injury-induced KLF6 and pre-existing Sp1 may cooperate in regulating the expression of endoglin in vascular repair [12] .
Interaction of endoglin with ligands and other receptors
Endoglin belongs to the family of TGF-β receptors. It does not bind TGF-β isoforms on its own but requires the presence of specific receptors. It forms complexes with type I and II TGF-β receptors, through both extracellular and cytoplasmic domains, independently of ligands presence and kinase activation state [13] .
It binds many TGF-β isoforms, especially TGF-β1 and TGF-β3, but also activin A, BMP-2 and BMP-7. High affinity of endoglin to TGF-β1 and moderate to TGF-β3 results from the binding of this accessory receptor only with ligands which bind to TβRII. It suggests the role of endoglin in the dynamics of type I/II receptors and ligand interactions [14] .
Regulation of endoglin activity
Rich in serine and threonine, the cytoplasmic domain of endoglin is constitutively phosphorylated and plays a role in the regulation of dimerisation and signalling. Both TβRI and TβRII phosphorylate the cytoplasmic domain of endoglin, and then TβRI, but not TβRII, dissociates from the complex [15] . The consequence of TβRI and TβRII interactions with endoglin is an increased level of phosphorylated Smad2 protein, and it suggests that this accessory receptor modulates the TGF-β-dependent cellular response [16] .
TGF-β and protein kinase C inhibitor H-7 reduce the level of endoglin phosphorylation [17] .
Functional activity of endoglin
The mechanism by which endoglin modulates TGF-β-induced signal transduction is not clear. Endoglin both enhances and inhibits ALK5 and ALK1 receptor signalling. It enhances ALK5/Smad2 signalling [15] , and inhibits ALK5/Smad3 [18] . In addition, endoglin enhances TGF-β/ALK1 signalling and endothelial cell proliferation, but simultaneously it indirectly inhibits ALK5 [19] . The balance of ALK1 and ALK5 signalling is crucial for the regulation of endothelial cell proliferation [19] .
In hypoxic endothelial cells, endoglin prevents apoptosis; this accessory receptor is an antiapoptotic factor [10] .
Endoglin inhibits the migration of several types of cells (e.g. smooth muscle cells, fibroblasts) and decreases focal adhesion [20] . The following endoglin-dependent processes are mediated by the cytoplasmic domain of endoglin [20] : (a) inhibition of cell migration, (b) reduction of focal adhesionassociated p130 cas /CrkII protein levels, (c) tyrosine phosphorylation of p130 cas , and (d) focal adhesion-associated endoglin levels.
The cytoplasmic domain of endoglin binds the LIM domain of zyxin-related protein-1 (ZRP-1) and zyxin. This may suggest a regulatory role for endoglin in the actin cytoskeletal organization [21] .
Endoglin is a regulator of nitric oxide-dependent vasodilatation. Its overexpression in cultured endothelial cells increases the level of nitric oxide synthase [22] .
The role of endoglin in angiogenesis
Even if the functional role of endoglin is not fully understood, several findings suggest its involvement in angiogenesis and vascular development, and in maintenance of vessel wall integrity: 1. Endoglin is overexpressed on proliferating endothelial cells in tissues undergoing active angiogenesis, such as regenerating and inflamed tissues or tumours [23] . 2. The inhibition of endoglin expression not only enhances the ability of TGF-β to suppress growth and migration of endothelial cells but also enhances apoptosis induced by hypoxia and TGF-β [24] . 3. The presence of RGD tripeptide, a key recognition structure in cellular adhesion, suggests a critical role of endoglin in the binding of endothelial cells to integrins and/or other RGD receptors [5] . 4. Endoglin modulates the expression of different components of the extracellular matrix including fibronectin, collagen, PAI-1 and lumican [25] . 5. Endoglin gene mutations are associated with hereditary haemorrhagic telangiectasia type 1, a disorder characterized by multisystemic vascular dysplasia and recurrent haemorrhage [26] .
Endoglin expression in cancer
The strong overexpression of endoglin in the endothelium of various tumour tissues compared with that in normal tissues may be evidence of its role in angiogenesis [27] . In solid malignancies, endoglin is almost exclusively expressed on endothelial cells of both peri-and intra-tumoural blood vessels and on tumour stromal components. It is especially expressed in small and immature tumour vessels. Rarely, endoglin expression has been found in the cytoplasm of neoplastic cells [28] .
Both mRNA and protein expression is significantly increased in proliferating endothelial cells. A correlation was found between levels of endoglin expression and endothelial cell proliferation, and microvessel density, as well as with markers of cell proliferation (i.e. cyclin A and Ki-67) in tumour endothelia [23] .
The diagnostic significance of endoglin in malignant disease
Endoglin is overexpressed in endothelia of vessels in several human solid malignancies, e.g. glioblastoma [29] , oral and oropharyngeal carcinoma [30] , laryngeal carcinoma [31] , lung cancer (ca) [32] , breast ca [33] , ovarian ca [34] , cervical ca [35] , endometrial ca [36, 37] , prostate ca [38] , colorectal ca [39] , gastric ca [40] , and hepatocellular ca [41] . Endoglin expression is a better prognostic marker than other traditional vessels markers, such as CD31 and CD34 [29, 32, 36, 38, 41] . In various tumours endoglin overexpression was associated with lower patient survival rates, presence of node metastases and distant metastatic disease [29] [30] [31] [32] [33] [34] [37] [38] [39] [40] [41] . Endoglin has been examined as a target of antiangiogenic and antitumor therapy [25, 28] .
Increased levels of soluble form of endoglin in blood plasma/serum in various solid tumours have been noted, e.g. prostate ca [42] , breast ca [43] , colorectal ca [44] , and liver ca [45] . The serum level of endoglin was significantly elevated in patients with metastatic cancers [43, 44] . However, chemotherapy suppressed its serum levels in cancer patients [44] . The results of these studies suggest that the concentration of circulating endoglin may be helpful in prediction of metastases and in estimation of therapy effects.
